Abstract An adaptive robust attitude tracking control law based on switched nonlinear systems is presented for a variable structure near space vehicle (VSNSV) in the presence of uncertainties and disturbances. The adaptive fuzzy systems are employed for approximating unknown functions in the flight dynamic model and their parameters are updated online. To improve the flight robust performance, robust controllers with adaptive gains are designed to compensate for the approximation errors and thus they have less design conservation. Moreover, a systematic procedure is developed for the synthesis of adaptive fuzzy dynamic surface control (DSC) approach. According to the common Lyapunov function theory, it is proved that all signals of the closed-loop system are uniformly ultimately bounded by the continuous controller. The simulation results demonstrate the effectiveness and robustness of the proposed control scheme.
Introduction
Recently, the interest in near space vehicles (NSVs) is increasing as they can provide a reusable high-speed transportation which is safer, more reliable and less costly. 1 Among the near space 2 (20-100 km above the Earth), the resistance and energy consumption upon NSV is relatively low, whereas there exist rarefied air, complicated temperature variation, wind disturbances and many unexpected uncertainties. 3 The flight controller design of NSVs has become one of the greatest aeronautical research challenges.
In the last decades, many control methods were proposed to weaken the influence of uncertainties and disturbances in flight. [4] [5] [6] [7] [8] Xu et al. presented a robust neural adaptive controller for the longitudinal dynamics of a generic hypersonic aircraft with unknown dynamics. 4 Cheng et al. designed a nonlinear generalized predictive controller combined with the online support vector regression which was used to identify the uncertain item to realize the attitude tracking control. 5 A robust control scheme was proposed for a three-axis flexible spacecraft in the presence of parametric uncertainty, external disturbances and input nonlinearity. 6 In Ref. 7 adaptive neural controllers based on high gain observer were described for the altitude subsystem and the velocity subsystem of a generic hypersonic flight vehicle respectively. Li et al. presented a backstepping control design procedure for an uncertain nonlinear flight control system and a sliding-mode-based integral filter was introduced to reduce the computational complexity of the derivation of the virtual input, while it had design conservation as it needed to know the upper bounds of the uncertain functions. 8 However, all the above-mentioned methods only take into consideration fixed structure vehicles whose flight characteristics are described only by one mathematical model. Since NSVs have different flight stages for large envelope and multiple mission modes, variable structure near space vehicles (VSNSVs) are adopted to improve the flight performance. Yet, the flight characteristics of VSNSVs are more complicated than those of generic NSVs and the structural change makes it even more difficult to design the flight controller. Thus, a switched nonlinear system instead of only one mathematical model is used to describe the VSNSV flight characteristics in this research. So far, to the best of our knowledge, there is no literature which has used the switched nonlinear system method for NSV flight control. Actually, if a controller is designed according to a non-switched system for the VSNSV, such as in Ref. 8 , it may not guarantee the stability of the closed-loop system when the structure of the VSNSV changes.
As stability is the most important issue in the study of switched systems, extensive research efforts have been made to develop stability theories recently. [9] [10] [11] [12] [13] [14] The common Lyapunov function approach is generally studied for switched linear systems. However, there are few results on stability for switched nonlinear systems. Based on the common Lyapunov function, the stabilization problem for switched nonlinear systems has been studied. [15] [16] [17] On the other hand, how to derive common Lyapunov functions for nonlinear systems is a difficult problem unless they are in some particular forms. So far, there are few results for switched nonlinear systems by backstepping, especially for multi-input-multi-output (MIMO) nonlinear systems with disturbances and uncertainties.
In this paper, an adaptive fuzzy attitude tracking control scheme based on switched nonlinear systems is presented for the VSNSV. This method has several advantages. Firstly, the dynamic surface control (DSC) technique 18 is adopted to reduce the computation complexity of the normal backstepping control method. For the latter, there is a lot of computation caused by the differentiations of certain nonlinear functions as the controller is designed. Secondly, fuzzy systems and adaptive robust controllers are employed to approximate the unknown nonlinear functions, because the backstepping method cannot deal with the unknown uncertainties and disturbances. This method has less design conservation as we do not need to know the knowledge of the unknown functions. All these methods make use of their own advantages to improve the control performance. Thirdly and most significantly, the designed continuous controller for the switched nonlinear system can get a better transient performance when the switching occurs. Moreover, a systematic procedure is developed for the synthesis of adaptive fuzzy DSC approach. According to the common Lyapunov function theory, it is proved that the proposed continuous adaptive fuzzy controller can guarantee the uniform ultimate boundedness of all signals of the closed-loop system. Simulation results show a satisfactory control performance for the VSNSV attitude tracking, and also demonstrate the effectiveness and robustness of the control scheme.
Mathematical model of VSNSV
As shown in Fig. 1 , the VSNSV has variable sweep wings on which there are conventional, independently controllable, trailing edge elevons, a single vertical tail with a full span rudder, and two small canards deployed only at subsonic speeds. 19 The sweep angle K varies as the VSNSV works in different flight conditions. For example, the sweep angle is 60°when the VSNSV carries out a supersonic flight. And it increases to 75°while the VSNSV needs to take a hypersonic flight. The parameters such as the wing area and the dynamic coefficients change as the sweep angle varies. So when the VSNSV has different structures, the flight characteristics are different. In Fig. 1 , d e , d a and d r are the left elevon, the right elevon and the rudder respectively.
The kinematical and dynamical equations of the VSNSV are given as the following switched nonlinear system:
Attitude tracking control for variable structure near space vehicles based on switched nonlinear systems are the roll, pitch, and yaw moments of inertia respectively. T is the engine thrust.
T is the control surface vector, and M c the control moment vector induced by the control surfaces. The thrust plays an important role in trajectory control problem, while the control surfaces play a primary role in attitude control problem. The attitude system can be controlled by only using control surfaces. So the thrust is usually, as well as in this paper, considered as an ordinary variable in attitude control problems.
When the structure of the VSNSV changes, a control input should be designed to make sure that the attitude system is stable and the output X can track a bounded reference output X r . In this paper, we assume that the aerodynamic coefficients and the moments of inertia are unknown or contain uncertainties. The system satisfies Assumptions 1 and 2. Assumption 1. The reference signal X r is continuously differentiable, and X r and its derivative _ X r are bounded.
Assumption 2. The control gain matrix g s is invertible and there exist a known positive definite matrix g f0 and k f > 0 such that
Assumption 1 is reasonable since the proper reference signal can ensure the flight safety and it can be realized easily in practice. It can also be seen that the moments of inertia are positive and they certainly have lower and upper bounds respectively when the structure of VSNSV changes. So g k f is a positive definite matrix and it is bounded. Thus Assumption 2 can hold true.
Controller design
In this section, a continuous adaptive fuzzy controller is developed for system (1) through DSC technique. The unknown parts of the controller are approached by fuzzy systems. The output of the fuzzy system can be written as
T a fuzzy basis function vector and
where l i hj ðx j Þ is the fuzzy membership function, and r the number of rules in the fuzzy rule base.
It has been proved that the fuzzy systems can approximate an arbitrary continuous function f: R n fi R p with arbitrary precision 20 and the following equation exists:
where u(x): R n fi R r·p is a fuzzy basis function matrix, e the approximation error of the fuzzy system, and h * 2 R r the optimal fuzzy parameter vector.
where X h ¼ fhjkhk 6 h; h > 0g, and X x is a compact set. In this paper, we use i AE i for the usual Euclidean norm of vectors and the Frobenius norm of matrices. Then we give the following lemmas.
Lemma 1 (Young's inequality Ref. Lemma 2 (Ref. 22 ). The following inequality holds for any c > 0 and for any z 2 R m :
where f is a constant that satisfies f = e À(f+1) , i.e. f = 0.2785. 
Slow-loop control law design
Let e s = X À X r . From system (1), the dynamic equation for e s is
By viewing x as a virtual control input, a virtual controller v s should be designed to ensure the convergence of the error e s . According to the DSC technique, a new state variable v s is introduced and virtual control law v s is allowed to pass through a first-order low pass filter with the time constant s s .
Define the estimation error of the low pass filter as
Consider the following control structure:
where v s * is the desired controller, k s > 0 is a design constant parameter, and C s (X) > 0 a positive smooth function to be specified. We have the following Lyapunov function candidate:
For k 2 S, using Lemma 1 and the controller (12), the derivative of U s along the trajectory of the subsystem in Eq.
(1) can be obtained.
where c s > 0 is a design constant parameter. Unlike the traditional backstepping methods, Young's inequality is adopted to deal with the switched uncertain functions. Then a continuous function C s (X) can be used to eliminate the influence of the uncertainties. If let C s (X) satisfy C s ðXÞ P (X)h sd are adopted to approximate the unknown part in C s (X)e s and d s respectively. u sa (X) and u sd (X) are fuzzy basis function matrixes. h sa and h sd are fuzzy parameter vectors. And w sa ; w sd are the upper bounds of the approximation errors e sa, e sd satisfying ke sa k 6 w sa ; ke sd k 6 w sd . Then we have
where c s is a known parameter so that the structure can be exploited for better control performance. Consider the following control strategy:
where the additional robust control term v rs with adaptive gains is adopted to compensate for the approximation errors without the knowledge of w sa and w sd . So it can reduce the design conservation. And
¼ c s w sa tanhðw sa e s =d sa Þ þ w sd tanhðw sd e s =d sd Þ ð 18Þ
where w so (o = a, d) is the estimation of w so , and d so > 0 is a design parameter. Defineh so ¼ h
The parameter adaptive laws can be chosen as
where k hso > 0; k w so > 0; r hso > 0 and r w so > 0 ðo ¼ a; dÞ are design parameters. Consider the following Lyapunov function candidate for all switched subsystems:
Using Eqs. (17) and (18) and Eqs. (20)- (23), we obtain Besides, we can obtaiñ
w so w so 6 1 2w
where kh Ã so k 6 h so ; h so > 0. Then for each k 2 S,
Fast-loop control law design
The final control law M c will be derived in this step. The dynamic equation for e f is _ e f ðtÞ ¼ f
From the above design procedure, it is easy to see that our proposed method is designed according to a switched system which is used to describe the flight characteristics of the VSNSV. However, other flight control methods, such as in Ref. 8 are designed according to one mathematical model. The common Lyapunov function theory is used for all switched subsystems in our method, while the normal Lyapunov theory is used in other traditional design methods. The designed controller should guarantee the stability of all switched subsystems. Fig. 2 shows the structure of the adaptive fuzzy control for the VSNSV.
Stability analysis
The stability analysis of the closed-loop system is more complicated than the conventional adaptive control law due to the extra dynamic describing the first-order filter. Nevertheless, it can still establish that all signals in the closed-loop system retain the uniform ultimate boundedness property.
Define the estimation error of the low pass filter as À kÞ=j s2 .
Theorem 1. Consider the closed-loop system of the VSNSV system (1) with Assumptions 1 and 2, the continuous control input (36), the virtual control input (17) , and the adaptive laws (20) - (23) and (39) 
Then integrating it over [0, t], we obtain
Thus, all signals of the closed-loop system are uniformly ultimately bounded. From Eq. (53), we know that the design parameters such as k s , k f , c s and c f can be used to adjust the closed-loop system performance. Therefore, the closed-loop system (1) is uniformly ultimately bounded.
So far, the attitude tracking controller can be obtained easily from the above design procedure. The stabilization of the closed-loop system (including the fast-loop and the slow-loop) is proved strictly according to the common Lyapunov function theory. The whole system is not only stable, but also can track the desired signals well. The proposed control scheme can realize the slow-loop system tracking control based on the stability of the fast-loop.
Simulation
To show the effectiveness of the proposed approach, the attitude tracking control scheme compared with the method in Ref. 8 is considered when the wing sweep angle K of the VSNSV is changing from 60°to 75°. Assume that the VSNSV is carrying out a flight with the velocity of 1.8 km/s and the flight height of 30 km. The initial condition is that K = 60°, a = 1°, b = 1°, l = À1°, p = q = r = 0 (°)/s, and T = 210 kN. The structure is varying from t = 5 s to t = 15 s. The model 1 and the model 2 are used to describe the flight characteristics when K = 60-67°and K = 67-75°r espectively. The model switching occurs at t = 9.7 s. The 
